We study the dynamics of superconducting vortices in Nb rings as the system is continuously driven to the depinning threshold by the slow ramping of an external magnetic field. Miniature Hall probes simultaneously detect local and global flux changes arising from vortex motion. With decreasing temperature, the dynamics evolve continuously from smooth flow to several types of avalanche behavior. In particular, we observe a crossover from broad to narrow size distributions of avalanche events which correspond to global decreases in the flux density gradient rather than local redistributions of flux. We show how this evolution can arise from the magnetothermal instability of the Bean state. ͓S0163-1829͑97͒01517-8͔
Quantized vortices of magnetic flux that penetrate type-II superconductors exhibit rich dynamical behavior when driven by an external force. The motion of vortices depends crucially on the presence of pinning centers, which lead to flux gradients inside the superconductors, e.g., as described by the Bean model. 1 This nonuniform flux distribution does not correspond to an equilibrium state and under certain conditions the system can become unstable and give rise to nonlinear, collective responses such as flux jumps. In the semiclassical description, vortex motion lacks inertia and so the dynamics are overdamped. Depinning events resulting from the local competition between vortex-vortex and vortexdefect interactions in this case can remain localized and a broad distribution of jump sizes may be expected. Consequently, vortex avalanches have been thought of as a model system for experimental investigations of self-organized criticality ͑SOC͒.
2 SOC views the depinning threshold as a critical point, analogous to a second-order thermodynamic phase transition, and predicts power-law distributions of avalanche sizes and durations without requiring any tuning of external parameters. Simulations 3 and experiments on magnetic flux penetration into superconducting tubes 4, 5 and films [6] [7] [8] have, indeed, shown broad distributions of flux jump sizes sometimes compatible with power laws over 1-2 orders of magnitude. 5 Other experiments, however, have found comparatively narrow size distributions centered around large breakdown events. 9, 10 An alternative mechanism for the Bean state to become unstable is the interaction between two inherent properties of superconductors: ͑a͒ any motion of the nonsuperconducting vortex cores generates heat and ͑b͒ the critical current density falls with temperature. This produces a feedback, here called ''thermal inertia,'' which can reinforce the original perturbation and give rise to ''catastrophic'' flux jumps involving macroscopic redistributions of flux that may heat the sample temporarily into the normal state. 9 The degree and manner in which each of these mechanisms contributes to the flux jump distributions that have been observed remains an unsettled issue. In this paper, we demonstrate that the magnetothermal properties of a type-II superconductor lead to a whole spectrum of dynamical responses, including smooth vortex flow, broad distributions of avalanches sizes, and relaxation oscillations. We have systematically investigated the nature of the instability leading to these vortex avalanches by monitoring simultaneously the local and global motion of field-gradient driven vortices along a self-organized flux density gradient in a conventional type-II superconductor, niobium. A model for the magnetothermal stability of the vortex state can account for the observed onset of avalanche activity in the H-T plane and qualitatively explains the evolution of avalanche behavior. We do not find that the dynamical behavior at the depinning threshold represents a global attractor for the dynamics, as would be required for the applicability of SOC.
Nb rings were made from 5000-Å-thick films which were grown on ͗101͘ sapphire substrates by magnetron sputtering.
These films exhibited sharp superconducting transitions at a temperature T c ϭ8.9 K, resistivities ͑9 K͒ϭ0.8 ⍀ cm, and residual resistivity ratios of 3. Transmission electron microscopy indicated a polycrystalline structure with preferred orientation resulting from columnar grain growth. Individual grains had average diameters of 450 Å and consisted of microcrystallites with a typical size of 40 Å and tilt angles of ϳ1°. The shortened electronic mean free path in such films ensures that the Ginzburg-Landau parameter is well within the type-II regime. 6 The films were patterned using photolithography and Ar-ion milling into rings with outer and inner diameters of 98 and 15 m, respectively. After patterning, a 8000-Å-thick coating of spin on glass was deposited, and served as a smooth, pinhole-free insulating substrate for subsequent fabrication of two Hall probes defined photolithographically from a 4000-Å-thick, thermally evaporated bismuth film. Each Hall probe measured the average perpendicular component of the field over its 3 mϫ5m active area, and was calibrated for both the Hall and the magnetoresistive response. One probe was positioned at the center of the ring's hole ͑''hole probe''͒ and was used to monitor the total flux accumulating in the hole from motion anywhere on the ring. The other was 22 m radially off center and directly above the ring ͑''ring probe''͒. It mea-sured the local internal field, B, and thus the local vortex density. We were able to resolve changes of one superconducting flux quantum, 0 , or equivalently, a single vortex under the ring probe. For the hole probe, this translates to a resolution of about 10 vortices since flux spreads out uniformly within the hole.
The magnetic response of the rings were studied as a function of temperature, 1.4рTр10 K, and magnetic field, ͉H͉Ͻ4 kG, applied perpendicular to the plane of the film. The temperature of the copper cold finger on which the samples were mounted was controlled to within Ϯ5 mK. Below, we describe in detail our findings for a typical sample as the applied field is slowly ramped up and down over the interval Ϫ500ϽHϽ500 G. 11 The four panels in Fig. 1 each show a single hysteresis loop, B(H), characteristic of the distinct behavior we observe as part of a continuous evolution as the temperature is lowered. Except for Fig. 1͑d͒ , the ring-probe's trace is always nested within that of the hole probe, indicating a decreasing ͑on ramp up; or increasing on ramp down͒ radial flux density across the ring, as expected from the Bean model. When the flux density gradient exceeds the critical current, J c , the driving force is large enough to depin vortices. Sudden changes in the flux density, resulting from avalanches, are detected as discrete jumps in B ͓see Figs. 1͑b͒-1͑d͔͒. Not all avalanche events are spatially correlated for the two probes, indicating that both global and local readjustments of the internal magnetic profile may occur. Except for the regime corresponding to Fig. 1͑c͒ , avalanches occur randomly and successive hysteresis loops taken under identical conditions differ in the details of their structure. This explicitly demonstrates that the avalanches are not due to macroscopic inhomogeneities in the sample.
We accumulated statistics of the avalanche occurrences by repeatedly cycling around hysteresis loops. In Fig. 2 we plot the avalanche events observed over two cycles around the hysteresis loop at each temperature. Each symbol represents one avalanche of size, s, for the hole probe in Fig. 1 . 12 As the temperature ͑or field, see below͒ is lowered from T c , the distributions, D(s), of avalanche sizes initially become broader. We also find that the shape of D(s) changes. This is shown in the inset of Fig. 2 . Here, variable width binning of the data is used to minimize statistical fluctuations without compromising resolution in s. Avalanche events were recorded over many hysteresis loops and then sorted by size and binned into groups of 25 consecutive sized events. The average event size was calculated for each group and all 25 events were placed into this one bin. Dividing by the range of avalanche sizes in each group gave D(s).
For reduced temperatures tϵT/T c Ͼ0.35, flux jumps are rarely complete, i.e., they do not extend to the BϭH line, and are not narrowly distributed in size. Instead, D(s) is relatively broad and was found to approximate the form, As t falls below 0.3, the system develops a clear deficiency of small-to intermediate-sized avalanches sϽ10 3 , and D(s) shows a prominent peak around sϭ2000 0 . This maximum avalanche size is limited only by the maximum shielded or trapped field, which depends on sample size and critical current, J c (T,B). The magnetic response in this temperature range resembles a relaxation oscillator ͓Fig. 1͑c͔͒. Note that the ring probe is always the first to sense the propagation of the flux front, which confirms that a flux gradient is repeatedly being established and destroyed across the ring. These large avalanches are most likely system spanning, eliminating any flux gradient between the two probes and resulting in a situation where, immediately after the avalanche, a significant fraction of the ring has magnetic induction larger than the applied field. The origin of these crossings of the BϭH line ͓see the dashed line in Fig. 1͑c͔͒ is poorly understood; we tentatively associate them with nonequilibrium thermal properties and demagnetization effects of our sample geometry.
At the lowest temperatures, tϽ0.2 ͓Fig. 1͑d͔͒ D(s) becomes broader again, but not of exponential form. Unlike the monotonic dependence of the radial flux density at higher t, the difference between applied field and magnetic induction can now be greater at the ring probe than at the hole probe. Also, avalanches now are triggered irrespective of the field profile near the center of the ring, occurring for both B ring ϽB hole and B ring ϾB hole . Together, this is evidence that magnetic flux is entering inhomogeneously into the sample, perhaps as magnetic ''fingers.'' 6, 13 We also explored the ramp rate dependence of the avalanche activity, which we found to remain unaffected for rates ranging over four decades from 2 mG/s to 20 G/s. This shows that the system is in the slowly driven regime, i.e., avalanche events do not overlap. Moreover, the occurrence of an avalanche depends only on the change in field after the previous avalanche and shows no correlation to the time passed after an avalanche. We were unable to determine the distribution of avalanche durations with our instrumentation, but an upper limit is 2 ms for the largest events. This is in accord with a simple estimate for the magnetic diffusivity, D m ϭ/ 0 , which yields avalanche durations, ϳr 0 2 /D M , of microseconds or less for our samples. By comparison, the thermal diffusivity, D T ϭk/␥C, is larger, and the Nb ring remains spatially isothermal, except for tϾ0.9. Here, r 0 is the outer radius of the ring, ␥ is the density of Nb, and we used the Wiedemann-Franz law to calculate the thermal conductivity, k, and the tabulated temperature dependence for the specific heat, C, of bulk single-crystal Nb in the superconducting state.
14 Thus, a flux jump corresponds to the case where rapid heating takes place on the background of a ''frozen-in'' spatial distribution of magnetic flux.
We now turn to a model for the thermal stability of the Bean state to magnetic flux jumps. We calculate the heat generated due to vortex motion, Q vm , which is balanced against heat absorption by the ring, ␥C⌬T, and heat removal through the substrate, C h ⌬T, where ⌬T is the peak temperature rise during a flux jump. Over the course of a flux jump, C h Ϸh/d, where d is the film thickness and hϭ300 T 3 W m Ϫ2 K Ϫ1 is a temperature-dependent heat transfer coefficient typical of metal-sapphire interfaces. 15 The ratio Q vm /(␥CϩC h )⌬T defines a stability parameter ␤. 16 The effectiveness of heat transfer in relation to specific heat as a stabilizing factor is contained in the denominator of this ratio. When ␤Ͼ1 the Bean state is unstable, and the smallest perturbation, e.g., a temperature fluctuation, will initiate a flux jump. The size of the jump is related through J c (T,B) to the temperature at which heat from vortex motion is balanced by the heat capacity and cooling. For our ring geometry ␤ϵ͓ 0 J c dr 0 /5.1•(␥Cϩ130T 3 )͔(ϪdJ c /dT), where CϳT 3 ͑mJ/mol K͒. 14 In this expression, we have accounted for the fact that the field shielded at the center of a discshaped superconductor is J c d, and not J c r 0 . 17 We estimate ␤ by calculating the temperature dependence of the critical current from the measured external magnetization envelope, B-Hϭ 0 J c d. We find that ␤Ͼ1 for tϽ0.37, in good agreement with the rapid increase in avalanche size shown in Fig.  2 . The close agreement with the model is perhaps fortuitous since important parameters, such as C(T,H), k(T), and h(T) are difficult to measure and expected to depend strongly on the film's microstructure and impurities. Despite these shortfalls, however, the avalanche behavior over the entire H-T plane can be qualitatively accounted for by the model, as we outline below.
At high t, ␤Ӷ1 and a large heat capacity serves to stabilize the Bean state. Thermal effects are negligible and the competition between vortex-vortex and vortex-defect interactions governs the nature of the motion. This regime corresponds to the hysteresis loops in Fig. 1͑a͒ which are predominantly smooth and continuous. At first glance this constitutes a possible discrepancy with simulations 3 and Lorentz microscopy 7 of field-gradient-driven vortices in Nb films at comparably high temperatures which show individual vortices perform discrete hops. However, these hops are extremely fast and a recent analysis 18 of Lorentz microscopy image sequences has shown directly that the resulting time-average flux motion is rather fluidlike. At low t, the heat capacity of Nb is rapidly reduced and ␤ӷ1. Vortex motion can result in a significant local temperature rise which then propagates to surrounding areas, triggering further vortex motion. This positive feedback process, which essentially supplies ''thermal inertia'' to vortices, gives rise to global avalanches and inevitably results in a predominance of complete flux jumps of a characteristic size, see Fig. 1͑c͒ . One may invert the expression for the stability parameter ␤ and arrive at a length scale r(␤ϭ1) at which the first flux jump is to occur. When rϭr 0 , the Bean state becomes unstable. Shorter lengths at lower temperatures lead to instabilities of a thin edge layer where the flux gradient is first established, see inset of Fig. 1͑d͒ and ring-probe data in Fig. 1͑c͒ . This precludes the formation of a Bean state across the entire sample and has important consequences for experiments which investigate the statistical properties of vortex avalanches about an assumed Bean state using global measuring techniques. 4, 5 Instabilities in this edge layer may result in the irregular magnetic profiles observed at the lowest temperatures. However, the inhomogeneous character of flux penetration is suggestive of a local mechanism. One possibility is that heat generated from flux moving along routes of weak pinning is rapidly removed through the substrate rather than initiating the propagation of a thermal quench front across the film, e.g., if the thermal conductivity of the superconductor is sufficiently reduced at low t.
The crossover temperatures between these dynamical regimes are field dependent, shifting to lower temperatures at higher fields. We have observed an evolution similar to Figs. 1 and 2, but as a function of field, by examining hysteresis loops extending to 3 kG at fixed low temperatures. 19 Such a field dependence arises naturally within our model since C(H,T) of a superconductor increases with H. 20 The simple thermal stability model leaves open a number of intriguing questions. In particular, while it can account for a range of flux jump sizes, it cannot predict the shape of the size distribution. The broad distribution of avalanche sizes seen in previous experiments 4, 5 and that we observe over a narrow temperature interval 0.3ϽtϽ0.4 may be associated with the regime where ␤ is marginally greater than 1. In this case, an increase in the heat capacity brought on by the temperature rise from an avalanche event may lead to ␤Ͻ1 ͑negative feedback͒, preventing further growth of the instability. Nevertheless, even in this regime, we find that the majority of flux jumps are spatially correlated between the Hall probes, which suggests that an avalanche is associated with a reduction of the flux gradient uniformly throughout the sample rather than affecting only local areas. This observation contrasts with SOC-based avalanche mechanisms, as does the finding that D(s) approximates a power law, if at all, only over a very limited range ͑about one decade in s) and only after careful tuning of an external parameter ͑tem-perature in our case͒. Rather, our results appear similar to dynamical responses found in spring block models, 21 ''switching'' charge density waves, 22 or real sandpiles. 23 Moreover, our stability analysis indicates that, since ␤ scales with r 0 ͑or r 0 2 in bulk samples͒, the system becomes less stable with increasing size. For sufficiently large r 0 , therefore, the typical response will consist of system-spanning breakdown events.
